Long-lasting memories of adverse experiences are essential for individuals' survival but are also involved, in the form of recurrent recollections of the traumatic experience, in the aetiology of anxiety diseases (e.g., post-traumatic stress disorder [PTSD]). Extinction-based erasure of fear memories has long been pursued as a behavioral way to treat anxiety disorders; yet, such a procedure turns out to be transient, context-dependent, and ineffective unless it is applied immediately after trauma. Recent evidence indicates that, in both rats and humans, extinction training can prevent the return of fear if administered within the reconsolidation window, when memories become temporarily labile and susceptible of being updated. Here, we show that the reconsolidation-extinction procedure fails to prevent the spontaneous recovery of a remote contextual fear memory in a mouse model of PTSD, as well as the long-lasting behavioral abnormalities induced by traumatic experience on anxiety and in both social and cognitive domains (i.e., social withdrawal and spatial learning deficits). Such a failure appears to be related to the ineffectiveness of the reconsolidation -extinction procedure in targeting the pathogenic process of fear sensitization, a nonassociative component of traumatic memory that causes animals to react aberrantly to harmless stimuli. This indicates fear sensitization as a major target for treatments aimed at mitigating anxiety and the behavioral outcomes of traumatic experiences.
Memories of dangerous events are essential for individuals' survival, but are potentially harmful and maladaptive when they cause excessive fear and anxiety. Indeed, long-lasting traumatic fear memories are involved in the pathophysiology of anxiety diseases, such as post-traumatic stress disorder (PTSD). Hence, the pharmacological or behavioral erasure of fearful memories has long been pursued as an effective way to treat anxiety disorders (Gogolla et al. 2009; Kindt et al. 2009; Monfils et al. 2009; Schiller et al. 2010) . Pavlovian fear conditioning is one of the most widely used behavioral paradigms for studying the acquisition and retention of fear-related memories in animal models (Pavlov 1927; Goosen and Maren 2001; Hartley and Phelps 2009; Rabinak et al. 2009; Makkar et al. 2010; Pape and Pare 2010; Radulovic and Tronson 2010; Schreurs et al. 2011) . In this paradigm, an initially neutral stimulus (conditioned stimulus; CS) is paired with an aversive experience (unconditioned stimulus; US). After CS -US pairing, the presentation of the CS alone is able to trigger the conditional response (CR).
Extinction, whereby the repeated presentation of nonreinforced CS gradually decreases CR, is the simplest way to attenuate the expression of fear memories (Bouton 2004; Wessa and Flor 2007; Archbold et al. 2010; Plendl and Wotjak 2010; Storsve et al. 2010 ; Thompson et al. 2010) . It is widely accepted that extinction rather than erasing fear memory involves the formation of a new memory trace (Quirk and Mueller 2008; Pape and Pare 2010) . However, the beneficial effects of such a procedure turn out to be temporary and context dependent (Bouton 2004; Myers et al. 2006) . Moreover, extinction is only effective if administered in the early aftermath of the traumatic experience (Golub et al. 2009 ).
An important step forward in the modification of fear memories has come from the discovery that consolidated fear memories become temporarily labile after retrieval and require a new stabilization (reconsolidation) process in order to be restored (Nader et al. 2000; Tronson et al. 2006) . Drugs blocking reconsolidation have been found to weaken the original memory and disrupt fear expression (Nader et al. 2000; Nader 2003; Kindt et al. 2009; Taubenfeld et al. 2009; Muravieva and Alberini 2010; Stafford and Lattal 2010) . Clinical implications for the treatment of human emotional disorders have been readily recognized, including the possibility of tackling PTSD by erasing fear memories during the reconsolidation process (Monfils et al. 2009; Schiller et al. 2010) . However, pharmacological treatments targeting the reconsolidation process in humans have yet to be fully developed, since some are characterized by hard-to-solve toxicity and pharmacodelivery constraints (Nader et al. 2000; Duvarci and Nader 2004; Alberini 2005; Alberini et al. 2006 ; Lee et al. 2006; Sara and Hars 2006; Doyère et al. 2007; Quirk and Milad 2010) .
Recently, a behavioral design has been proposed in which recent (24-h-old) auditory-cued fear memories are destabilized and permanently attenuated by administering the extinction procedure immediately after memory retrieval-i.e., within the reconsolidation window. This approach has been reported as promising considering that it has been applied in both rats (Monfils et al. 2009 ) and humans ). According to the reconsolidation theory, such a procedure should cause fearful memories to be definitely reinterpreted as safe, thus providing a potentially powerful tool to tackle fear-related symptoms of human psychological disorders (Hartley and Phelps 2009; Monfils et al. 2009; Schiller et al. 2010) . However, as noted by Quirk and Milad (2010) , it is currently unknown whether the retrieval-extinction method would be effective for modifying fearful memories acquired months or years before the beginning of the extinction training, rather than in the 24-h period immediately preceding it. These time constraints have to be taken into account when attempting to apply the reconsolidation-extinction procedure to the treatment of anxiety disorders in humans. Indeed, PTSD symptoms related to memories of a traumatic experience can appear months or even years after the trauma (American Psychiatric Association 2000) .
Another important aspect that needs to be considered is fear sensitization. Experimental evidence indicates that the expression of fear conditioning is determined by both an associative and a nonassociative memory component: The former refers to the memory for the previously described CS-US pairing, while the latter refers to a sensitization process that increases the animals' responses to harmless stimuli independently from the CS-US contingency (Kamprath and Wotjak 2004) . The role of fear sensitization in the development and persistence of PTSD-like symptoms has been recently pointed out Wotjak 2006, 2007a) . Thus, among the procedures that are able to attenuate fear memories, it turns out that extinction acts primarily on the CS -US contingency, leaving fear sensitization relatively intact (Golub et al. 2009 ). Likewise, the retrievalextinction procedure has been reported to act on the associative component of fear memory, but data concerning its effect on the nonassociative component are still lacking.
On the basis of the above reported studies, we chose to investigate the effectiveness of extinguishing fear memory during the reconsolidation window, but in a model of greater translational relevance to PTSD. A recently established mouse model of PTSD (Siegmund and Wotjak 2007a,b; Pamplona et al. 2011) was used that allows the emergence of increased avoidance of traumarelated stimuli and emotional over-reaction to unspecific "neutral" stimuli, which belong to the three clusters of PTSD symptoms (American Psychiatric Association 2000; Siegmund and Wotjak 2007a) . Moreover, this model takes into account the pathological properties of fear incubation showing an increased hyperarousal with the passage of time after the traumatic experience (Siegmund and Wotjak 2007a) , when remote traumatic memories are concerned.
Two main issues are addressed: (1) The first is whether the retrieval-extinction procedure is able to persistently attenuate the expression of remote fear memories, and (2) the second is whether an effect of the retrieval-extinction procedure on fear sensitization and long-lasting behavioral outcomes due to traumatic experience can be found.
To address these issues, we used a contextual fear-conditioning paradigm based on the studies by Siegmund and Wotjak (2007a,b ) describing a mouse model of PTSD in which both the associative and nonassociative components of fear memory were evaluated. In the present research, mice were trained in a neutral context (CS), in which they experienced a painful electric footshock (US). After remote memory retrieval-i.e., re-exposing animals to the context without US administration 29 d after training-mice were submitted to an extinction training applied within the reconsolidation window. As concerns the interval between retrieval and extinction, a 10-min delay has been reported as the shortest interval to be effective in preventing the return of fear in both rats and humans (Monfils et al. 2009; Schiller et al. 2010) . However, since extinction training usually lasts for longer than 10 min, a combination of retrieval and extinction could be envisaged also in the standard protocols of extinction. Hence, a 10-min interval could be misleading in interpreting the effects induced by either retrieval-extinction coupling or extinction alone on fear expression. For this reason we decided to apply an interval (1 h) longer than extinction training duration, in which retrieved memories are still susceptible to be updated. Actually, such an interval has been reported to be effective in preventing spontaneous recovery, reinstatement, and renewal in rats submitted to the retrieval-extinction procedure after auditory-cued fear conditioning (Monfils et al. 2009 ). The effect of the retrieval-extinction procedure was then evaluated with regard to both the associative (contextual) and the nonassociative (sensitization) components of fear memory. Furthermore, the long-lasting outcomes of the procedure were evaluated 1 mo later by testing animals for spontaneous recovery, fear incubation, anxiety levels, social interaction, and spatial learning. These tests have been chosen on the basis of recent advances showing increased anxiety, social withdrawal, and visuo-spatial memory deficits in both animal models of PTSD and human patients (Uddo et al. 1993; Gilbertson et al. 2001; Cohen et al. 2003 Cohen et al. , 2006 Cohen et al. , 2011 Louvart et al. 2005; Morgan et al. 2006; Wessa et al. 2006; Kohda et al. 2007; Siegmund and Wotjak 2007a; Kung et al. 2010; Arbisi et al. 2011) . Recent studies show the ineffectiveness of the extinction procedure in attenuating fear sensitization (Golub et al. 2009 ) and suggest that the associative and the nonassociative component of fear memory might be independent of each other, with a key role for the nonassociative component in the onset of PTSD-like symptoms (Siegmund and Wotjak 2007b) . Therefore, as a final step, we assessed the differential contribution of the associative and nonassociative components of fear memory to the onset of PTSD-like symptoms by submitting mice to a procedure in which an immediate footshock was administered in order to prevent the CS -US association.
Results
Retrieval-extinction procedure did not attenuate the expression of remote fear memory
The first experiment addressed the question as to whether or not the extinction training applied within the reconsolidation window was able to persistently attenuate the expression of remote fear memory.
Three groups of mice were trained in a contextual fear-conditioning paradigm. Twenty-nine days after training, one group of conditioned mice was submitted to a retrieval-extinction procedure (Ret-Ext), while a second group had the extinction training without memory retrieval (Ext). The third group (NoTreat) was neither exposed to memory retrieval nor to extinction training. Figure 1B depicts the amount of freezing levels recorded every 3 min during the retrieval trial and the extinction training.
The extinction training significantly reduced the levels of freezing in both Ret-Ext and Ext mice (Fig. 1B) . Statistical analysis (two-way ANOVA) revealed a significant effect of the extinction training (F (10,140) ¼ 27.65; P , 0.0001) and no differences between groups (F (1,14) ¼ 3.93; P . 0.05).
Memory for extinction was evaluated one (T1) and 30 (T2) days after extinction training in the contextual test (CTX). Statistical analysis (two-way ANOVA) showed significant effects of between group factor (F (2,21) ¼ 4.69; P , 0.05), time (F (1,21) ¼ 26.14; P , 0.0001), and the interaction (F (2,21) ¼ 4.44; P , 0.05). Individual post-hoc comparisons revealed a significant (P , 0.05) fear memory reduction in Ret-Ext and Ext mice at T1 Extinction after retrieval of remote fear memory www.learnmem.org when compared with No-Treat mice. However, this reduction was not persistent, and a spontaneous recovery was evident on the retest at T2 in which Ret-Ext and Ext mice reached (P . 0.05) the levels of freezing showed by No-Treat mice (Fig. 1C) .
Fear sensitization was evaluated by exposing Ret-Ext, Ext, and No-treat mice to two new contexts (Context B and Context C, respectively, at T1 and T2) with a neutral tone administration. One-way ANOVA did not reveal significant differences between groups during T1 (F (2,21) ¼ 2.68; P . 0.05) and T2 (F (2,21) ¼ 1.32; P . 0.05), indicating that extinction alone or in combination with memory retrieval did not affect the nonassociative component of fear memory (Fig. 1D) . Before tone onset, all mice exposed to new contexts showed the same low levels of freezing (Context B: F (2,21) ¼ 0.45, P . 0.05; Context C: F (2,21) ¼ 1.54, P . 0.05; Supplemental Fig. S1 ), indicating that the effects we observed were not due to a generalization process.
Anxiety levels, social interaction, and spatial memory were also tested in these groups of mice.
No-Treat, Ret -Ext, and Ext mice tested in the Plus maze showed higher anxiety levels compared with no-shocked (NS) mice. Conditioned mice (No-Treat, Ret-Ext, and Ext) spent significantly less time in open arms (one-way ANOVA: F (3,28) ¼ 4.04; P , 0.05; Fig. 2A , left) and they showed a significant reduction in the number of crossings to open arms (F (3,28) ¼ 3.51; P , 0.05; Fig. 2A, right) . However, no significant differences in the number of crossings to closed arms (F (3,28) ¼ 0.08, P . 0.05) and locomotor activity, calculated as the covered distance (F (3,28) ¼ 0.05, P . 0.05), were observed among groups (Supplemental Fig. S2A,B) .
In the social avoidance/approach test (Fig. 2B ) No-treat, RetExt, and Ext mice spent less time in the social side of the apparatus compared with NS mice, as revealed by one-way ANOVA carried out on the social interaction index (F (3,28) ¼ 4.23; P , 0.05), while no significant differences between groups were found during the first session (F (3,28) ¼ 2.35; P . 0.05) when the social stimulus was not present. Moreover, no significant differences between groups were observed in the exploratory activity both before (distance: F (3,28) ¼ 0.1, P . 0.05; crossing: F (3,28) ¼ 0.43, P . 0.05) and during (distance: F (3,28) ¼ 0.58, P . 0.05; crossing: F (3,28) ¼ 0.89, P . 0.05) the social stimulus presentation (Supplemental Fig.  S2C ,D), suggesting that social withdrawal in this task was not due to a general avoidance behavior.
As concerns spatial learning, all mice submitted to the Morris water maze task showed a significant effect of learning (F (17,476) ¼ 11.59; P , 0.0001). However, the escape latencies of No-Treat, Ret-Ext, and Ext mice were significantly higher than those observed in NS mice (F (3,28) ¼ 3.17; P , 0.05) (Fig. 2C) . A similar pattern of results was observed when the swimming distance recorded during the training was considered as the dependent variable (between group factor: F (3,28) ¼ 3.04, P , 0.05; learning factor: Fig. S2E ). Nevertheless, no significant differences between groups were found in the swimming speed (between group factor: F (3,28) ¼ 0.45, P . 0.05; learning factor: F (2,56) ¼ 2.09, P . 0.05; interaction: F (6,56) ¼ 0.37, P . 0.05) (Supplemental Fig. S2F ), floating (between group factor: F (3,28) ¼ 0.35, P . 0.05; learning factor: F (2,56) ¼ 17.46, P , 0.0001; interaction: F (6,56) ¼ 0.14, P . 0.05) (Supplemental Fig. S2G ), and time spent near the wall by the animals (between group factor: F (3,28) ¼ 0.7, P . 0.05; learning factor: F (2,56) ¼ 10.63, P , 0.001; interaction: F (6,56) ¼ 0.41, P . 0.05) (Supplemental Fig. S2H ), thus suggesting that the learning deficit observed in conditioned mice was not due to altered stress-coping strategies.
Taken together, these results indicate that the retrievalsextinction procedure is not an effective treatment for long-lasting consequences of contextual fear memory. Extinction after retrieval of remote contextual fear memory, as well as extinction alone, does not prevent the onset of PTSD-like symptoms (hyperarousal, anxiety, social withdrawal, and memory deficits) Extinction after a longer retrieval does not attenuate the expression of remote fear memory
In the previous experiment, we found that extinction after retrieval of remote contextual fear memory did not prevent spontaneous recovery and fear sensitization, as well as behavioral abnormalities induced by fear conditioning. One reason why the retrieval-extinction procedure may be ineffective in attenuating remote contextual fear memory is because of a resistance to reactivation. As suggested by Frankland et al. (2006) , fear memories become increasingly stable as they mature and are resistant to disruption induced by post-retrieval administration of reconsolidation blockers. However, a longer retrieval trial can destabilize remote memories, making them susceptible to the amnesic effect of a reconsolidation blocker (Frankland et al. 2006) . Thus, it is possible that the extinction-reconsolidation procedure needs a longer duration of retrieval trial to be effective in attenuating remote fear memory. To test this hypothesis, mice were trained, and 29 d later were re-exposed to the conditioning context for 15 min. As in the previous experiment, animals were submitted to a 30-min extinction training applied 1 h after the end of the retrieval trial. Contextual memory (CTX) and fear sensitization (Tone) were evaluated one (T1) and 30 (T2) days after extinction. The performance of mice submitted to a longer retrieval before extinction (L-Ret-Ext) was compared with that of conditioned mice that were neither exposed to retrieval nor extinction (No-Treat). Figure 3B depicts the freezing levels recorded every 3 min during the 15-min retrieval trial and the 30-min extinction training. Repeated measure ANOVAs revealed a significant decrement in freezing during both the retrieval trial and the extinction training (F (4,28) ¼ 30.76; P , 0.0001 and F (9,63) ¼ 3.04; P , 0.005, respectively). Overall, the freezing levels recorded in the extinction trial were lower compared with that shown in Experiment 1, suggesting that this longer duration of re-exposure may start to produce some extinction (Frankland et al. 2006) . In the CTX test (Fig. 3C Fig. S3 ), indicating that the effects we observed were not due to a generalization process. Taken together these results indicated that extinction training after longer retrieval trials did not prevent spontaneous recovery and did not affect fear sensitization.
Immediate footshock procedure causes the onset of PTSD-like symptoms
In previous experiments we have shown that extinction training, alone or after retrieval, reduced contextual memory but not fear sensitization at T1, indicating that extinction acted exclusively on the associative component of fear memory. These results, together with other experimental evidence Wotjak 2006, 2007a,b; Golub et al. 2009 ), suggest that the nonassociative component of fear memory is accountable for the behavioral abnormalities induced by traumatic experiences. To disentangle the effective role of associative and nonassociative components of fear memory in the onset of PTSD-like symptoms, we exposed mice to an immediate high footshock (S-Hi), in which the associative component was missing (Rosen et al. 1998) . Behavioral performance of these mice was compared with that of pain threshold (C/S-PT) and high (C/S-Hi) footshockconditioned mice.
Results shown in Figure 4 indicate that the S-Hi procedure induced fear sensitization but not contextual memory. Statistical analysis (two-way ANOVA) revealed significant differences Extinction after retrieval of remote fear memory www.learnmem.org between groups in the levels of freezing recorded during CTX (F (2,24) ¼ 62.32; P , 0.0001). In particular, freezing levels of S-Hi mice were significantly lower than those displayed by C/S-PT and C/S-Hi mice in both T1 and T2 (Duncan's post-hoc test; P , 0.05) (Fig. 4B) . One-way ANOVA carried out on freezing levels recorded during fear sensitization tests (Fig. 4C) showed significant differences between groups in both T1 (F (2,24) ¼ 18.75; P , 0.001) and T2 (F (2,24) ¼ 18.93; P , 0.001). In these tests the freezing levels displayed by S-Hi mice were statistically undistinguishable (P . 0.05) from those of C/S-Hi mice. Before tone onset, all mice exposed to new contexts showed the same low levels of freezing (Context B: F (2,24) ¼ 1.86, P . 0.05; Context C: F (2,24) ¼ 0.82, P . 0.05) (Supplemental Fig. S4 ), indicating that the effects we observed were not due to a generalization process. When anxiety levels, social interaction, and spatial memory were evaluated (Fig. 5) , S-Hi mice showed behavioral profiles identical to those observed in C/S-Hi mice, while the performances of C/S-PT mice were similar to those shown by no-shocked (NS) mice.
In the plus maze test (Fig. 5A) , the time spent in and the number of crossings to open arms was significantly reduced in both C/S-Hi and S-Hi mice when compared with C/S-PT and NS mice (one-way ANOVAs: F (3,31) ¼ 5.18; P , 0.01 and F (3,31) ¼ 4.94; P , 0.01, respectively). However, no significant differences in the number of crossings to closed arms (F (3,31) ¼ 0.09, P . 0.05) and locomotor activity, calculated as the covered distance (F (3,31) ¼ 0.04, P . 0.05), were observed among groups (Supplemental Fig. S5A,B) .
In the social avoidance/approach test (Fig. 5B) , C/S-Hi and S-Hi mice spent lesser time (one-way ANOVA: F (3,31) ¼ 8.51; P , 0.001) in the social side of the apparatus compared with C/S-PT and NS mice. No significant differences between groups were found during the first session when the social stimulus was not present (F (3,31) ¼ 0.84; P . 0.05). Moreover, no significant differences between groups were observed in the exploratory activity recorded both before (distance: F (3,31) ¼ 0.43, P . 0.05; crossing: F (3,31) ¼ 0.14, P . 0.05) and during (distance: F (3,31) ¼ 0.69, P . 0.05; crossing: F (3,31) ¼ 0.82, P . 0.05) the social stimulus presentation (Supplemental Fig. S5C,D) , suggesting that social withdrawal in this task was not due to a general avoidance behavior.
As concerns spatial learning (Fig. 5C ), C/S-Hi and S-Hi showed significantly higher latencies to reach the platform in the Morris water maze compared with those displayed by C/ S-PT and NS mice (two-way ANOVA: F (3,31) ¼ 4.61; P , 0.01 for group factor; F (17,527) ¼ 6.63 P , 0.0001 for learning factor; and F (51,527) ¼ 1.93; P , 0.001 for the interaction). A similar pattern of results was observed when the swimming distance recorded during the training was considered as the dependent variable (between group factor: F (3,31) ¼ 8.92, P , 0.005; learning factor: F (2,62) ¼ 39.5, P , 0.0001; interaction: F (6,62) ¼ 0.96, P . 0.05) (Supplemental Fig. S5E ). Nevertheless, no significant differences between groups were found in the swimming speed (between group factor: F (3,31) ¼ 0.69, P . 0.05; learning factor: F (2,62) ¼ 1.07; P . 0.05; interaction: F (6,62) ¼ 0.68, P . 0.05) (Supplemental Fig. S5F ), floating (between group factor: F (3,31) ¼ 0.28, P . 0.05; learning factor: F (2,62) ¼ 22.82, P , 0.001; interaction: F (6,62) ¼ 0.79, P . 0.05) (Supplemental Fig. S5G ), and time spent near the wall by the animals (between group factor: F (3,31) ¼ 1.23, P . 0.05; learning factor: F (2,62) ¼ 28.79, P , 0.001; interaction: F (6,62) ¼ 2.63, P . 0.05) (Supplemental Fig. S5H ), thus suggesting that the learning deficit observed in conditioned mice was not due to altered stress-coping strategies.
Discussion
The main result of the present study is that extinction training applied within the reconsolidation window of a remote contextual fear memory did not persistently attenuate the expression of fear in a mouse model of PTSD.
A common approach to the clinical treatment of PTSD focuses on the facilitation of fear extinction through exposure therapy, in which the repeated safe exposure to trauma reminders To overcome these limitations, a behavioral procedure has recently been proposed in which an extinction training applied within the reconsolidation window is able to persistently attenuate the expression of recent (1-d-old) fear memories and prevent spontaneous recovery in both rats and humans (Monfils et al. 2009; Schiller et al. 2010 ). It should be noted, though, that clinical observations refer to long-lasting behavioral outcomes of traumatic experience. Thus, time constraints have to be carefully considered in claiming the reconsolidation-extinction procedure as an effective strategy to treat anxiety disorders in humans (Quirk and Milad 2010) . Moreover, other constraints about the procedure designed by Monfils et al. (2009) and Schiller et al. (2010) need to be considered. First, in the latter studies an elementary-cued fear conditioning paradigm was used. While the proposed paradigm might represent an interesting model of specific phobias, its usefulness in anxiety disorders like post-traumatic stress disorder, resulting from contextual conditioning, and second order operant conditioning processes, is limited. Second, the investigators found that the shortest efficient interval between retrieval and the onset of extinction training for permanent memory erasure was 10 min. This, however, should then apply to most of the currently used extinction training protocols, which last for longer than 10 min and, thus, may be regarded as a combination of retrieval (i.e., the beginning of extinction training) and extinction training (i.e., nonreinforced CS exposure toward the end of extinction training) as well.
In the present work a main goal was to verify whether the effect of the reconsolidation-extinction procedure could be extended to remote fear memories in a more clinically relevant context. To this purpose, we used a fear conditioning procedure in which the involvement of both the associative and nonassociative components could be investigated in remote fear memory. Indeed, as highlighted by Siegmund and Wotjak (2007a) , the role played by these two components and by fear incubation should be taken carefully into account to obtain a valid animal model of PTSD. The results of our experiments showed that extinction after retrieval of remote fear memory reduced contextual memory, but did not prevent spontaneous recovery.
It has to be noted that, as they mature, memories become increasingly stable and immune to destabilization induced by retrieval (Milekic and Alberini 2002; Suzuki et al. 2002; Pedreira and Maldonado 2003; Frankland et al. 2006) . Notably, Frankland et al. (2006) reported that in mice a 15-min-long re-exposure to the original conditioning context was necessary for remote contextual fear memory to be reactivated. We considered the possibility that the duration of the retrieval session in Experiment 1 (3 min) was too short to cause fear memories to become labile and to be reconsolidated. To rule out this possibility, in Experiment 2 we replicated, in an independent group of conditioned mice, the reconsolidation-extinction procedure, increasing the duration of the retrieval session up to 15 min. Data from this experiment were comparable to those previously obtained with a 3-min retrieval trial. The only difference was a lower extinction performance, which suggests that the longer re-exposure duration (15 min) may start to produce some extinction (Frankland et al. 2006) . Significantly, we found that even with such a modified procedure spontaneous recovery was not prevented. On the other hand, shorter retrieval sessions have been previously shown to effectively reactivate both recent and remote contextual fear memory in rats (Debiec et al. 2002; Lee et al. 2004) . Therefore, the possibility that a 3-min reactivation session could be too long and that such a period could engage an extinction process cannot be ruled out. However, a 3-min reactivation session in a contextual fear conditioning paradigm appears to engage a pattern of molecular mechanisms involved in the reconsolidation process but not in the extinction process, while a distinct molecular pattern linked to extinction appears in a 30-min Mice were randomly assigned to three different groups: C/S-Hi (n ¼ 9) received a high electric footshock (0.7 mA); C/S-PT (n ¼ 9) received a pain threshold electric footshock; S-Hi (n ¼ 9) received an immediate high electric footshock (0.7 mA) and was immediately removed from the apparatus. Thirty days after training (T1), all mice were submitted to a contextual memory test (CTX) in conditioning chamber A and to a fear sensitization test (TONE) in chamber B. Thirty days after T1, all mice underwent CTX in chamber A and TONE in chamber C (T2) in order to evaluate spontaneous recovery and fear incubation, respectively. Extinction after retrieval of remote fear memory www.learnmem.org reactivation session (Mamiya et al. 2009 ). Further, Bustos et al. (2009) showed that in rats the extinction process in the contextual fear conditioning appears to begin with a reactivation session longer than a 3-min period. Taken together, our results confirm that the age of the fear memory is an important factor when choosing treatments for anxiety disorders. While the retrieval-extinction procedure could be an effective strategy to attenuate recent traumatic memories, it does not seem suitable to tackle PTSD, in which the role of remote memories has to be taken into account (Quirk and Milad 2010) .
A further aspect that needs to be considered is that shown in recent studies by Kamprath and Wotjak (2004) who have demonstrated that in the acquisition of conditioned fear the associative component is accompanied by a nonassociative one, namely, a sensitization process. This idea is consistent with the dual-process theory (Groves and Thompson 1970) according to which "every stimulus that evokes a behavioral response has two properties: it elicits a response and influences the state of the organism" (page 440), i.e., its general level of excitation, arousal, activation, tendency to respond, etc. Evidence indicates that although the general state of the organism can influence the tendency to respond, the associative and nonassociative components are largely independent of each other (Siegmund and Wotjak 2007b) and seem to involve different neurobiological substrates (Gewirtz et al. 1998) . If fear sensitization is strongly involved in the pathomechanisms of emotional diseases (Foa et al. 1992; Charney et al. 1993; Antelman 1998; Shalev et al. 2000; Kamprath and Wotjak 2004; Siegmund and Wotjak 2006) , then promising strategies for the treatment of PTSD should entail targeting of fear sensitization.
Our data are in agreement with previous findings showing that late extinction training (1 mo after acquisition) is ineffective in reducing fear sensitization (Golub et al. 2009 ). Additionally, we found that extinction failed to prevent anxiety behaviors, social withdrawal, and spatial learning deficits induced by fear conditioning.
Further, to our knowledge this is the first study showing that the reconsolidation-extinction procedure is ineffective in reducing fear sensitization. Hence, the failure of the retrieval-extinction procedure to attenuate remote contextual fear memory could be due to its inefficiency in affecting fear sensitization. At the theoretical level, both memory retrieval and extinction have been claimed to involve only the associative component of the traumatic experience (Golub et al. 2009 ). This would mean that the retrieval of fear memory triggered by the mere re-exposure to the conditioning context (i.e., in the absence of US) might only be able to reactivate the fear experience partially when stable remote memories are involved (Frankland et al. 2006) . It is important to note that the latter cannot be considered a general rule, since a need for US presentation during reactivation has been observed when appetitive reconsolidation is involved (Lee and Everitt 2008; Taubenfeld et al. 2010 ). However, it has also to be considered that US presentation during retrieval is not always applicable, especially when aversive fear memories, like those characterizing PTSD, are considered.
The interpretation we propose here regarding the failure of the retrieval-extinction procedure in attenuating the expression of remote contextual fear memory takes into account the informative properties of the CS, which signals reinforcement in the acquisition phase and nonreinforcement during retrieval-extinction (Capaldi 1966) . Indeed, during CS presentation in retrieval and extinction, animals learn a new rule in which the CS does not predict the US (Redish et al. 2007; Chan et al. 2010) . Fear originally linked to the CS, however, could outlive the "extinction rule" as decontextualized emotional content related to the nonassociative component.
This raises questions about the actual role of fear sensitization in the onset of PTSD-like symptoms. Recently, Siegmund and Wotjak (2007b) have shown that the blockade of hippocampal activity reduces contextual fear memory but not fear sensitization in a mouse model of PTSD, suggesting that the nonassociative component is independent from the trauma-related contextual memory (Siegmund and Wotjak 2007b) . Consistently, our third experiment demonstrated that an immediate-shock conditioning procedure, in which the formation of contextual memory was prevented by minimizing the amount of time animals spent in the conditioning box before footshock administration, induced fear sensitization and long-lasting abnormal behaviors as observed in fully trained mice. This suggests that fear sensitization could be the main factor accountable for the Extinction after retrieval of remote fear memory www.learnmem.org onset of PTSD-like symptoms. In this context it has to be noted that Pamplona et al. (2011) , using a shock intensity (1.5 mA) considerably higher than that used in our work (0.7 mA), have recently found that contextual fear conditioning and subsequent fear incubation led to a generalized avoidance behavior in mice submitted to a conditioned odor task. However, in our experiments, animals submitted to a high electric footshock (0.7 mA) showed an exploratory activity in the plus maze and social avoidance tasks, as well as stress-coping strategies in the Morris water maze, comparable to that of control mice. Moreover, no differences in the freezing level recorded before tone presentation in the sensitization test were observed among the different groups of mice. Therefore, the increased anxiety levels, social withdrawal, and spatial learning deficit observed in our groups of mice submitted to a high electric footshock (0.7 mA) appear not to be correlated with a general avoidance state. Considering the work by Pamplona et al. (2011) , a role for the shock intensity in the onset of a general avoidance state could therefore be taken into account. Altogether, our results show that an extinction training administered within the memory reconsolidation window, when traces are supposed to be destabilized and updated, does not attenuate the expression of remote contextual fear memory in mice. In particular, the reconsolidation-extinction procedure fails to prevent spontaneous recovery of fear-related behavior and fear incubation, as well as long-lasting behavioral abnormalities (i.e., aberrant anxiety, social withdrawal, and spatial memory deficits) induced by traumatic experience. Most importantly, we found the reconsolidation-extinction procedure to spare the pathogenic process of fear sensitization, regardless of the age of traumatic memories or the duration of retrieval.
On the whole, our results strongly suggest that targeting of fear sensitization is a major goal to be pursued in the effort to improve behavioral strategies aimed at mitigating long-lasting outcomes of traumatic experience.
Materials and Methods

Animals
A total of 83 C57BL/6N male mice (Charles River), aged 8 wk and weighing 25-30 g were used in these experiments. Upon arrival, the mice were housed in groups of four in standard breeding cages (21 × 21 × 12 cm) and kept in a 12-h light/dark cycle (lights were on from 07:00 to 19:00 h) at a constant temperature of 21˚C, and given food and water ad libitum. The research in this study was conducted according to Italian national laws and regulations on the use of animals in research and NIH guidelines on animal care. Maximum care was taken to minimize the number of animals used and to minimize their suffering.
Fear conditioning
Fear conditioning experiments were performed in mouse conditioning chambers connected to a control unit in which the intensity of the house light, the auditory stimulus, and the scrambled footshock delivered from the grid metal floor could be set up (TSE, Bad Homburg, Germany) .
Experiments were carried out in three different chambers in order to evaluate contextual fear memory and fear sensitization. The first chamber (Context A; 26 × 22 × 18 cm) was a rectangular box made of blue Plexiglas with a grid metal floor lighted with a white-tensor lamp (19 Lux); after each experimental trial this cage was cleaned with an ethanol solution (30% v/v). The second chamber (Context B; diameter ¼ 20 cm) was a cylindrical transparent box with wood shavings on the floor lighted with a redtensor lamp (18 Lux); after each experimental session this cage was cleaned with an acetic acid solution (1% v/v). The third chamber (Context C; 26 × 22 × 18 cm) was a rectangular box made of black Plexiglas with a gray plastic floor lighted with a blue-tensor lamp (57 Lux) and the smell was modified with a lemon essence; after each experimental trial this cage was cleaned with ethanol solution (10% v/v). All chambers were located in a sound-insulated box (52 × 52 × 65 cm) equipped with a microvideo camera mounted at the top of the apparatus. Freezing behavior, considered as the complete absence of voluntary movements, was recorded and considered as a fear index.
Elevated plus maze
The plus maze was carried out in a gray Plexiglas elevated maze with four arms 30-cm long and 5-cm wide, extending from a central starting platform. While two facing arms were closed by gray walls (15-cm high), the other two arms were left opened. The experimental room was lighted with four white-tensor lamps (40W) and the light intensity recorded in the apparatus was 29 Lux for closed arms and 58 Lux for open arms. Animals were placed in the center of the apparatus and allowed to explore for 5 min. Behavior was videotaped and the time spent in and the number of crossings to the open arms and closed arms, as well as the covered distance, were analyzed using the EthoVision software (Noldus information Technology).
Social avoidance/approach test
The social avoidance/approach test was carried out in a rectangular box made of transparent Plexiglas (41 × 70 × 28 cm) surrounded by walls (28-cm high) made of the same material, with wood shavings as bedding. The experimental room was lighted with four lamps (40W) and the light intensity recorded in the apparatus was 43 Lux. For the social avoidance/approach test the box was divided in three interconnected chambers of equal size. Each lateral chamber contained a transparent Plexiglas cylinder (8 cm in diameter) with small holes (0.5 cm in diameter), in which a juvenile C57BL/6N male mouse (stimulus) was placed during the test. Prior to the start of each test, one of the end chambers was arbitrarily designated as the "social side" (the side into which the stimulus mouse would be introduced), and the other end chamber was designated as the "nonsocial side." At the beginning of each test, the test mouse was placed in the central chamber of the apparatus and was allowed to freely explore all three chambers during a 5-min acclimation period (1 st session). At the end of the initial 5-min period, the tops of both the Plexiglas cylinders were removed simultaneously; the stimulus mouse was placed in the cylinder on the side that had been designated the "social side" and then the tops were simultaneously placed back on the Plexiglas cylinders. The time that the test mouse spent in each of the three chambers was again measured over the next 5 min (2 nd session). At the end of each test, the mice were removed from the apparatus. Behavior was videotaped by a video camera placed above the apparatus and the time spent in the chambers was analyzed by using the EthoVision software (Noldus information Technology). A social avoidance/approach index was calculated as the ratio of the time spent in social and nonsocial chambers according to the formula: T social /(T social + T nonsocial ). Moreover, the total number of crossings among chambers and the distance covered by the animals in the apparatus were analyzed to assess their general exploratory activity.
Morris water maze
The Morris water maze was carried out in a circular swimming pool 1.3 m in diameter, filled with opaque water, at a temperature of 25˚+ 1˚C and located in a room containing prominent extramaze cues. The apparatus was lighted with four tensor-lamps (20W) located on the floor at the corners of the room, and the light intensity was recorded at the water level of 8 Lux. A hidden, 15-cm diameter platform was used. Training consisted of 18 trials (six trials per day) lasting a maximum of 60 sec, with an intertrial interval of 30 min. The start position was changed for each trial with the platform left in the same position. Behaviors were evaluated by EthoVision software (Noldus information Technology). Experiment 1: Effect of the retrieval-extinction procedure on the expression of remote fear memory.
The experimental schedule is shown in Figure 1A .
Experimental groups
Mice were randomly assigned to the Retrieval-Extinction (RetExt; n ¼ 8), the Extinction (Ext; n ¼ 8), or No-treatment (NoTreat; n ¼ 8) conditions. Fear acquisition, memory retrieval, and extinction procedure On day 1 all mice were trained in Context A. After 198 sec of acclimatization, a footshock of 2 sec was delivered from the grid metal floor (US; 0.7 mA). Animals remained in the shock chamber for another 60 sec before they were returned to their home cage.
Twenty-nine days after training, mice were submitted to the following procedures:
Ret-Ext mice were submitted to a single trial (3 min) of memory retrieval in context A without footshock administration. One hour after retrieval, i.e., within the reconsolidation window, extinction was carried out by placing animals in context A for 30 min without footshock administration.
Ext mice were submitted to context A for 33 min without footshock administration.
No-Treat mice, considered as a control group, were neither exposed to memory retrieval or extinction session.
Contextual fear memory and sensitized fear tests
One day after the extinction session (for both Ret-Ext and Ext groups), or 30 d after training (for No-Treat group), mice were tested in context A for 3 min to evaluate contextual fear memory. Four hours after the contextual fear memory test, mice were placed in a new context B in which a neutral tone (80 dB, 9 kHz) was continuously delivered during the last 3 min of a 6-min period to evaluate fear sensitization (Siegmund and Wotjak 2007a) .
Spontaneous recovery and fear incubation tests
Thirty days after memory tests, spontaneous recovery was evaluated by re-exposing animals to context A. Fear sensitization, as a function of incubation time, was evaluated by placing mice in a new context C, in which the tone (80 dB, 9 kHz) was delivered during the last 3 min of a 6-min period.
Additional behavioral tests
After fear incubation tests, consequences of fear memory on anxiety levels, social interaction, and spatial memory were evaluated by testing Ret-Ext, Ext, and No-Treat mice in the plus maze, social avoidance/approach test, and Morris water maze. An additional group of nonshocked (NS, n ¼ 8) mice was used as a control.
Experiment 2: Effect of extinction after a longer retrieval trial on expression of remote fear memory
The experimental schedule is shown in Figure 3A .
Experimental groups
Mice were randomly assigned to the Long-Retrieval-Extinction (L -Ret-Ext; n ¼ 8) or No-treatment (No-Treat; n ¼ 8) conditions. Fear acquisition, memory retrieval, and extinction procedure On day 1 all mice were submitted to the same training procedure described in Experiment 1. Twenty-nine days after training mice were submitted to the following procedures: L -Ret-Ext mice were submitted to a 15-min retrieval trial in context A without footshock administration. One hour after retrieval, extinction was carried out by placing animals in context A for 30 min without footshock administration.
No-Treat mice, considered as a control group, were neither exposed to memory retrieval nor an extinction session.
Contextual fear memory and sensitized fear tests
Both L -Ret-Ext and No-Treat mice were tested with the same experimental schedule described in Experiment 1.
Spontaneous recovery and fear incubation tests
Experiment 3: Effect of an immediate footshock procedure on fear sensitization
The experimental schedule is shown in Figure 4A .
Experimental groups
Mice were randomly assigned to three different training procedures: (1) training with a high footshock (C/S-Hi; n ¼ 9); (2) training with a pain threshold footshock (C/S-PT; n ¼ 9); (3) training with an immediate high footshock (S-Hi; n ¼ 9).
Fear acquisition
C/S-Hi mice were placed in the conditioning chamber for 198 sec and then shocked with a high footshock (0.7 mA, 2 sec). Animals remained in the shock chamber for another 60 sec before they were returned to their home cage.
C/S-PT mice were placed in the conditioning chamber for 198 sec and then shocked with a pain threshold footshock. Animals remained in the shock chamber for another 60 sec before they were returned to their home cage. Pain threshold to footshock was individually adjusted and defined as the lowest shock intensity at which an animal's hind foot left the metal floor.
S-Hi mice were placed in the conditioning chamber, shocked with a high footshock (0.7 mA, 2 sec) and immediately removed from the apparatus.
Contextual fear memory and sensitized fear tests
Similarly to previous experiments, remote contextual fear memory was assessed 30 d after training in context A, while fear sensitization was evaluated in context B with tone administration.
Contextual memory and fear incubation tests
Thirty days after contextual and sensitization tests, mice were retested in context A for contextual memory assessment and in context C with tone administration for evaluation of fear incubation.
Additional behavioral tests
After fear incubation tests, consequences of fear memory on anxiety levels, social interaction, and spatial memory were evaluated by testing C/S-Hi, C/S-PT, and S-Hi mice in the plus maze, social avoidance/approach test, and Morris water maze. An additional group of nonshocked (NS, n ¼ 8) mice was used as control.
